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Abstract 

As a part of the SONATA~IV program, KAERl is conducting an experimental investigation of 
critical heat flux(CHF) in hemispherical narrow gaps. A visualization experiment, VISU-II, was done 
as the first step to get a visual observation of the flow behaviour inside a hemispherical gap and to 
understand the CHF-triggering mechanism. It was observed that the counter-current flow limitation 
(CCFL) phenomenon prevented water from wetting the heater surface and induced CHF. The CHFG 
(Critical Heat Flux in Gap) test is now being performed to measure the CHF and to investigate the 
inherent cooling mechanism in hemispherical narrow gaps. Temperature measurements over the 
heater surface show that the two-phase flow behaviour inside the gaps could be quite different from 
the other usual CHF experiments. The measured CHF points are lower than the predictions by 
existing empirical correlations based on the data measured with small-scale horizontal plates and 
vertical annulus. 

In trod uetiou 

During the TMI-2 accident, the reactor pressure vessel(RPV) survived, despite the fact that all 

severe accident analysis codes predicted it would fail. The gap cooling mechanism was suggested as a 

plausible one that could cool down the relocated corium.[ I] There has been a lot of research related to 

the gap cooling concept. Some of it has focused on gap formation [2, 3] and some upon the heat 

transfer through the gap[4, 5]. For two years, the SONATA-IV(Simulation Of Naturally Arrested 

Thermal Attack In-Vessel) program has been being carried out at KAERl(Korea Atomic Energy 

Research Institute) to assess the cooling capability by that mechanism. 

The visualization experiment, VISU-II, has been completed and the CHFG tests are now being 

conducted. The purpose of the CHFG experiments is to investigate the inherent cooling mechanism in 

a hemispherical narrow gap and to develop an empirical CHF correlation applicable to this geometry. 

In fact, some experimental and analytical CHF correlations related to flat or curved gaps are available 

in the literature but there are none applicable to the hemispherical narrow gap. The tests have been 

conducted with water, but tests with Freon-I 13 will follow in the near future. An experimental 

investigation of the cooling mechanism in hemispherical narrow gaps, focusing on CHF, i's one of the 

major parts of the SONATA-IV program. 
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Visualization Experiment: VISU-II 

Kutateladze[6] thought of CHF as a hydrodynamic phenomenon and his theory is generally 

accepted. Therefore, understanding the hydrodynamic phenomena of boiling water in hemispherical 

narrow gaps is important in the study of CHF. We carried out experiments aiming to visualize boiling 

water inside a hemispherical gap and see the hydrodynamic phenomena triggering CHF. In order to 

provide visual observations, water and a hemispherical heater were placed in a transparent pyrex

glass vessel. 

The VISU-II experimental facility consists of a hemispherical heater, power controller, a 

current/volt meter, a bell-jar shaped transparent vessel and a PC for data acquisition. There is also a 

mirror, lighting and a Hi-8 home video camera to visualize the flow inside the gap. We intended to 

make a I mm gap between the heater and pyrex-glass vessel itself. However, there exists some non

uniformity due to the difficulty in machining the pyrex-glass vessel. The top of the pyrex-glass vessel 

is open to the atmosphere. Figure I shows a cross-section detailing the test section, including the 

heater. An electric heater wire is located inside a hemispherical copper shell and the shell is filled 

with Wood's metal of melting point 700 e. The thickness and outer diameter of the copper shell are 20 

mm and 238 mm, respectively. The maximum heater power is 6 kW. Below the test section, a mirror 

slanting at 450 is installed to provide a visual observation of the test section bottom area. 

Steam bubbles generated go upward alongside the hemispherical heater wall. At the same time, 

water goes down in the counter direction with the bubbles. The two phases flow violently in the gap 

and this flow pattern prevails from the bottom to the top end of the gap. Around the top end, steam 

tries to penetrate into the water pool above the heater while water flow into the gap. They flow in 

counter directions through separated flow paths. These flow paths are randomly established and 

disappear quickly. Figure 2(a) shows the mUltiple flow paths, the steam flow path is about 2-3 em 
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wide. At a certain elevated heater power, the mass velocity of steam reaches a critical value 

corresponding to the CCFL. Jeong & No[7] named this type of CCFL entrance flooding because 

CCFL is initiated due to flow instability at the liquid entrance. That type of CCFL. occurs when the 

liquid entrance geometry is sharp and the liquid flow rate is large enough. In this case, hydrodynamic 

and geometric conditions around the top end of the gap influence the CCFL significantly but those 

conditions of the gap below the top end do not. The CCFL is also affected by the gap size. In our 

facility, CCFL first occurs at the top-end of the gap where its size is small compared with the other 

part. According to observations, steam and water still flow actively through multiple paths in regions 

of larger gap sizes while CCFL occurs in regions of smaller gap sizes. The heater surface just below 

the region where CCFL occurs is locally dried out because CCFL prevents water from penetrating the 

gap. With the heater power that initiated CCFL, the local dryout region was small and often re-wetted 

by the water coming up from the bottom. Since the test section is not so big and the boiling two-phase 

flow fluctuated dynamically, water was able to reach the dryout region. With the further increase in' 

heater power, however, the dryout region was enlarged and water could not reach it any more. Figure 

2(b) shows the dryout region when the heater power is 5.5 kW. The left-hand-side is filled with water 

while the right-hand-side is dried out. 

CHFG Experimental Facility 

Figure 3 shows the CHFG experimental facility, which consists of an electric heater, a pressure 

vessel, a heat exchanger, a coolant control system and a coolant storage tank. An electric heater is put 

inside a hemispherical copper shell, which provides the maximum average heat flux of 90 kW/m2 at 

the surface. The thickness and outer diameter of the copper shell are 25 and 500 mm, respectively. 

Four units of stainless steel pressure vessel were manufactured to provide gap sizes of 0.5, 1.0, 2.0 

and 5.0 mm between the copper shell and the pressure vessel itself. The experiments are being 

performed using de-mineralized water and experiment3 with Freon-I 13 will be performed later. The 
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Fig. 3 Schematic Diagram of CHFG facility 
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CHF measurements will be made in the range of 1 to 10 atm. The heat generated by the electric heater 

is removed in a heat exchanger installed 150 cm above the top of the pressure vessel to maintain a 

near-saturated condition of the working liquid. The heat exchanger takes a role in system pressure 

regulation as well. A level gauge is installed in the pressure vessel to confirm that the heater is always 

covered with water during the experiments. The occurrence of CHF is noticed by 66 K-type 

thermocouple readings. The thermocouples are embedded in the copper shell, as shown in Fig. 4. 

From each pair of TICs, local heat flux is calculated and found to be within a ±20% variation of 

average in a nucleate boiling regime. The temperatures and mass flow rates are processed by a 

Hewlett Packard data acquisition system. 

As the experimental facility constitutes a closed loop, the first step necessary to carry out 

experiments is to purge the air accumulated in the loop. If the air remains in the loop, it obstructs the 

heat transfer in the heat exchanger so that the working fluid might not circulate. Initially the heater 

power is maintained at a low level and the set-value of the pressure control system is set at a pre

determined value. All the temperature readings are displayed on a computer monitor and carefully 

observed. If the temperature readings are believed to reach a quasi-steady state, the heater power is 

increased step-wisely. When all the temperature readings increase monotonically without a limit, the 

heater power is cut off. Usually it took 15 to 30 minutes to reach a quasi-steady state in a low power 

range and more than 60 minutes near the CHF point. 

Results and Discussions 

Figures 5 & 6 show the temperature measurements made at a gap size of 2 mm with atmospheric 

pressure. Those are projections of the hemispherical surface of the copper shell. The boundary and 

center of the circular area refer to top end of the· gap and the lowest bottom of the copper shell, 

respectively. Small circles shown in radial directions represent thermocouple locations. The readings 

from those thermocouples are interpolated to give isothermal lines. Figures 5(a)-(d) show temperature 

variation measured at heat fluxes. of 32, 42, 52 and 60 kW/m2, respectively. Through the present 

paper, heat flux refers to the average heat flux over the whole outer surface of the copper shell. 

Temperatures of the heater and copper shell reached a quasi-steady state after 15 ~ 30 minutes since. 

the heater power changed. Quasi-steady state values were used to make these plots. The surface 

temperature was quite uniform up to a heat flux of 32 kW/m2. At a heat flux of 42 kW/m2, heat-up 

started from around the upper left edge. This high temperature region expands toward both the 

azimuthal and downward directions with an increase in heat flux. Considering the visual observations 

of VISU-II experiments, this indicates that a local dryout region expands with an increase in heat 

flux. The high temperature region always started from the upper left edge. The reason for this is 

speculated to be because the gap size around this area is smaller compared with the other region. 

Although the curved components of the facility were machined using a CNC machine, the gap size 

can be slightly non-uniform because of miss-alignment or thermal expansion. The meas.urements of 

actual gap size by the ultra-sonic technique(UT) under the same condition as the experiments showed 

that the deviation of gap size from the design value was within the instrument's inherent error. It can 

therefore be said that the gap size was reasonably uniform. 
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Figure 6 shows the temperature variation with time in seconds when the heat flux was fixed at 68 

k W 1m2. Temperatures over the whole surface increase by itself, even though the heater power is 

maintained at a fixed level. This means there is no steady state at this heat flux, which is a different 

situation from that shown in Fig. 5. In the lower part of Fig. 6(a), there is a large area without 

isotherm lines. The temperature of this region remains slightly higher than 1000C and the area keeps 

shrinking with time. That is, the wetted region shrinks and the dryout region expands with time. The 

velocity of the dryout expansion and temperature increase rate of the dryout region get larger with 

time. This is because the local heat flux at the wetted region increases due to extra heat transferred 

from the dryout region by conduction. When the dryout region expands to the bottom of the copper 

shell, the temperature increase of that location was so fast that the heater power should be cut off 

immediately for heater protection. We defined this heat flux with which the dryout region undergoes 

self-expansion as the CHF in the geometry of hemispherical narrow gaps. 

The present definition of CHF is different from those used in other experiments. If experiments are· 

carried out with a specimen like a small plate, pipe and wire, the temperature jumps quickly as soon 

as the boiling regime turns into a stable film boiling because the heat capacity of the specimen is 

small. The heat flux at this situation is usually defined as the CHF. However, if the heat capacity of 

the heated section is large enough, such as the present facility (copper 200 kg), the temperature 

increases slowly because it needs a lot of heat to be heated up. Even in the local dryout region, the 

temperature increases slowly and it is limited. This is because the remaining heat which was not 

removed in the local dryout region, moves to the wetted region to be removed. The reason we do not 

define the occurrence of loca]oryout as CHF in the present experiments is as follows: (i) The present 

experimental facility does not allow the visual observation of the flow pattern, and it is therefore hard 

to tell whether the flow is ina stable film boiling regime only with temperature readings. (ii) It is hard 

to quantify the local gap size, even if the occurrence of local dryout is influenced by the gap size 

distribution. (iii) Even though local dryout occurs, all the generated heat finally cools down due to 

conduction, as mentioned before. Therefore the temperature does not increase monotonically but is 

limited by a certain value. However, above a certain heat flux, temperature increases continue. It is 

therefore reasonable in the present geometry that CHF should be defined as the heat flux which 

exceeds the maximum cooling capacity through a hemispherical gap so dryout region undergoes self

expansion and leads to a film boiling temperature. 

Figure 7 shows the temperature variation when CHF occurs under atmospheric pressure and the 

gap size is 1 mm. The CHF occurred at the heat flux of 60.3 kW/m2. The local dryout initiated at the 

same location as the case where the gap size is 2 mm. When the gap size was 1 mm, the dryout region 

expands faster in the azimuthal than downward direction. As can be seen in Fig.7(c), the bottom 

surface is still wet although the top-end of the gap is dried off. In Fig. 7( d), the dryout region finally 

expands to the bottom and the temperature over the whole surface increases to over 200 oc. 

The predictions by Chang & Yao[8] and Monde et al.[9]'s CHF correlations are compared with the 

present results in Fig. 8. Chang & Yao[8] and Monde et a\.[9] carried out CHF experiments with test 

sections of vertical annulus and vertical plates and developed the following correlations, respectively. 

(1) 
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qCHF ~ 0.38 

Pghjg . V~ = (1 +VPg / pJ ·(LI s) 
(2) 

where, qCHF' g, a, D, PI' Pg , hjg , Land s are the critical heat flux, gravitational acceleration, 

surface tension, diameter, liquid density, gas density, latent heat of evaporation, heated length and gap 

size, respectively. For comparison, we put the parameters of the present experiments into the above 

correlations and the gap size was assumed to be 1 mm. Koizumi et al.[lO]'s CCFL measurements are 

also compared. They carried out CCFL experiments in narrow-gap annular passages and reported 

their experimental data. The inner diameter of the outer pipe of the facility was 100 mm. Various 

sizes of the inner pipe were used to make the gaps of 0.5, 1.0, 2.0 and 5.0 mm. Since they did not 

suggest any CCFL correlation, we did some regression analysis to develop the following CCFL 

correlations: 

j;1/2 + 0.23j;1/2 = 0.32 for 2 mm gap 

j;Jl2 + 0.35 j;1/2 = 0.35 for 1 mm gap 

h .•. ~k D'DD were, } k = } k • 'eq = 0 - i 
gDe/'},.p 

(3) 

(4) 

In order to present them in Fig.8, superficial velocities are changed into corresponding heat flux that 

can produce the same mass flow of steam. Koizumi et al.'s CCFL correlation seems to be close to the 

present measurements, while Chang & Yao and Monde et al.'s correlations predict much higher 

figures. The reason is thought to be that, in the present experiments, CCFL prevents water from 

penetrating into the top-end of the gap and CHF occurred at lower heat fluxes. Compared with those 

two empirical CHF correlations, the pressure effect of the present results seems to be quite small. As 

those two CHF correlations were developed based on the data measured under atmospheric pressure, 

the pressure trend predicted by them might not be correct. So the pressure effect needs further study. 

Figure 8 also shows that gap size effect on CHF in the present geometry is small when the gap size 

varies from 0.5 mm to 2 mm. 
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Concluding Remarks 

CHF experiments In hemispherical narrow gaps and visualization experiments in the same 

geometry are in progress and have been done, respectively. According to visual observations, CCFL 

occurs at the top-end of the gap and prevents water from penetrating the gap. That is, it can be said 

that a CCFL bring about local dryout and finally, CHF in hemispherical narrow gaps. Even if local 

dryout occurs, there exists a quasi-steady state and the temperature of the dryout region is limited 

within a certain value. When the heater power is large enough, however, there is no quasi-steady 

state. The dryout region expands by itself without an increase in heater power and the temperature of 

the' heater surface monotonically increases. That situation is defined as the CHF in the present 

experiments. The experiments using water were completed. Measured CHF values are much lower 

than the predictions made by empirical correlations applicable to flat plate gaps and annuli. 

The maximum heat flux of the current heater is not big enough, and therefore CHF does not occur 

at an elevated pressure with large gap sizes. Since pressure effect on CHF needs further research, as 

mentioned before, we are going to carry out experiments using freon-1l3. The way to produce a high 

heat flux is being looked into as well. A scaling issue is also our concern. In order to be capable of 

addressing the issue, some separate effect tests are scheduled and in progress. 
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